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I, SUMMARY
™ ' ,
Window motor runs on the standard injector (Test Stand No. I) were

completed and provided qualitative information as to fthe velocity distribu-

tion and combustion distribution in the chgégéﬁ? Evidence was found of
recirculation patterns arising from fuel droplet momentum transfer at low
mixture ratios, The "standard" |ike=on-unlike injector was shown to have a
varying/,dﬁy angle with mixture ratio which was partially responsible for
the velocity patteras within the chamber,

The showerhead injector was invesTiQaTed on the stability timits
test stand (No, 2). The lower length limit of the fundamental mode insta-
bility region was found fo occur at a considerably greater cylindrical
chamber length than thal found for the like-on-unlike type injectors pre-
viously tested, Preliminaery values of the time lag parameters, 7f' and

. , were determined although no check could be provided usling the long
length |imits. These values indicated an increase in the sensitive time lag
values due to the effect of slower droplet breakup.

Stability limits fests were also conducted using the like-on-like
injector. With fthis injector the flrst appearance of combustion instability
occurred at even greatfer lengfhs./faecause of the nature of the injector the
assumptions of the pregggiucang]afion technique derived from the combustion
ingtability +hgoryvds not apply and thus the time lag perameters could not
be demrmineigf at this time,

The 100 Ib. thrust level tests on the iransverse mode test stand
hiave indicated The existence of several types of transverse instabitity on
two diameter chambers, Mixture ratios were var.ed between 1.0 and 2.2 for
the majority of tests and pressures were raintained at 150, 500 and =00 psi,
In alt cases The orientaiion of the spray fans proguced by the likc-on-unlire

injection was in the radie! direction,
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II, INTRODUCTION

?

A. O ject

“ BuAer Contract NOas 52-713-c was undertaken as a part of the Jef
Propulsion Research Prcjram of the Depariment of Aeronautical Engineering at
Princeton to "conduct an investigation of the general problem of combustion
instal:ility in liquid propellant rocket engines. This program shall consist
of\TheoreTical analyzes and experimental verification of theory. The ulfimate
ol Jective shall be the collection of sufficient data that shall permit the
rocket engine designer to produce power plants which are relatively free of
-the phenomena of instatility. Interest shail center in fhat form of unstable
operation which is characterized by high frequency vibrations and is commonly
known as 'screaming'."

B. History

Interest at Princefon in the problem of combustion instability in
liquid propellant rocket motors was given impetus Ly a Bureau of Aeronautics
Symposium held at the Naval Research Laboralory on the 7th and 8th of December,
1950, This interest resulted in theoretical analyses Ly Professors i, Summerfield
ard L. Crocco of this center.

Profassor Summerfleld's work, "Theory of Unstable Combustion in
Liquid Propellant Rocket Systems" (JARS, Septem! er 1951), considered the effects
of both inertia in the liquid propellant feedlines and combustion chamber
capacita ce with a constant combustion time (ag, and applied to the case of
low trequency osciilations {(up to abour 200 cyclies per second) sometimes called
""chugging."

Protessor Crocco eadvanced the concept of the pressure dependence
ot tine lag in mid=i{951: nis paper "Aspects of Combustio Sta' ility in Liquid

Propeilent Rocket Notors:! (JARS, Movemler (.51 and Jan.-fFe! . 13952), presents
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The fundamentals resulting from this concept, and analyzes the cases of low
frequency instability with bipropellants and high frequency instabilify with
combustion concenfrafed at the end of the combustion chamier,

Desirlng to submit the concept of a pressure dependent time lag fo
exper Imental tests, & preliminary proposal was made by the University to the
Bureau of Aesronaufics in the summer of [95t, and following a formal request,
a revised proposal was submitted which resu!ted in Contract NOas 52-713-c,

Analytical studies with concentrated and distribute! combustion had
been carried on In the mgantime under Professor Crocco's direction and within
the Sponsdrship of the Guggenheim Jet Propulsion Center by §. I. Cheng and
were issued as his Ph.D. thesis, "Intrinsic High Frequency ComLustion
Instability in a Liquid Propellant Rocket Motor," dated April, 1952,

Time was devoted in anticipation of the contract, durlng the first
third of 1i5Z, to consfructing facilifies, securi; g personnel, and planning
the e-perimental approach,

Ruring the first three month period of the contract year, personnel
and facilities al the new James Forrestal Research Center were assigned, and
the initlal phases of the experimental progrem were planned in some detail,

A constant rate monopropellant feed system was designed and prelim-
inary designs of the ethylene o:ide rockei motor and the insfrumenfation
systems were worked ouf, Special features of the projected systems included a
tlow modularing unit to cause oscillations in propellanr flow rate, a water-
cooled strain-gage prassure pickup designed for flush mounting in the rocket
chunber, ond several possible metheds for dynemic measurement of an oscillavi.g
prope!lant tiow rate.

Searches were made ot the literature for sources ot information on

corbustion insvability ond eih,lene oride, and visiis fo a num' er of acvivities
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working on liquid propellant rocket combustion instability problems were made
for purposes of familiarization with equipment and resulfs,

The basic precepfslof Crocco's theory for combustion instability
were reviewed, and detailed analyses made for specific patterns of colbustion
distribution, Operational tests and calibrafion of fthe Li~-Liu pressure pick-~
up proved rhe value of the design, alThough failure of the pickup under

"screaming" rocket conditions showed the necessity for modification of the

cooling system,

Construction of the monopropellant test stand and rocket motor were

compieted. Moditications were made To the Li~Liu pressure pickup to provide

} for higher permissitle heat-transfer rates in order that it be satlsf&tory
for use under "screaming'" conditions in a biprope!llant rocket motor. Construction
and preliminary testing of the hot-wire flow phasemeter and its associated
sauipment were completed.

A new contract, NOas 53-817-c, dafted | March 1953, was granted by the
Bureau of Aeronautics to continue the program originally started under NCas 52-7|3-~c,
Monopropel lant rocket tests were started under this new contract, and shakedown
! operations were comple?ed.' It was found that decomposition of ethylene o»ide

could not be attained with the original motor design despite many configuration

changes, and it was decided fo avoid a long and costly development program by
operating the "monopropel lant" motor wirh small amounts of gaseous oxygen. The

raequired limits of oxygen tlow rate were derermined at several charber pressures

% and i was indicated fthat the osygen would prodabiy have a negligible effect on
perfarmance when compared To the eftect of ethylene o ide flow rate modularion.
Preliminary tests with flow rate up to |.0 cps were performed for the purposes
of system checkout, using interim AC amplitiers in lieu of the necessary

precision insiruments,
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The time constant of the hot~wire liquld flow phasemeter was found
to be 0.15 milliseconds and preparations for insfaqjéneous flow cal ibration
were made. A test rig was constructed for this purpose.

.A bipropel lant rocket system using liquid oxygen and 1005 ethyl

alcoho!| was designed on the basis of monopropelliant operational experience,

. Incorporating an adjustable-phase flow modulating unit in both propeliant

.

flow lines. Injector design was based on a conflguration used extensively

Y

by Reaction Motors, Inc.
Operation of the monopropellant system was performed with fiow
modulation at freduencies up to 120 cps, using a composite instrumentation

system to measure mean values, amplitudes of oscillation, and phase difference

between injector and chamber pressures, Analysls of the results of this program

demonstrated approrim=te adherence to the pressure-time lag relationship

used in Crocco's original theoretical treatment, Accuracy of the measurements
was not adequate to provide a detailed check of The theory, however, so an
instrument refinement and development program was initiated.

The Mittelmann electromagnetic flowmeter proved unsatisfactory due
to equipment malfunctions, and had fo be abandoned as a possible means of
measuring instantanecus flow rates. The Li dynamic {lowmeter also experienced
a number of mechanlcal failures, and it was decided to concentrate all flow-
phase measurement effort on the hot-wire, which, of all flowneters tested,
appeared to show the most reliable results,

Shakedown operation of the bipropellant rccket cham' er at 300 and
€0. spi was compleied, and steady state mixture~ratio tests were run satistac-
torily. All components ot the blpropeltant test stand were checked out
including the fiow modulating unit, which was operated al speeds up to

12,050 rpm, The only ditficulty encountered was minor cracking of ‘ne first

R . < oot e £ -
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two injectors due fTo stress concentrations at a sharp-cornered groove. No

~turther trouble ensued after correcting this condition,

Dynamle water calibrations were run o determine operating limits
of each bipropellant injector, each set of cavltating venturis, and each set
of flow modulating pistons, at frequencies of 50 to 200 cycles per second.

The instrumentatizn refinement program was completed with the
exception of the phase-measuring procedure and a few other minor features,

The modifled data recording sysiems (both transient and steady-state) were
used successfully on the dynamic flow calibrations and on several rocket tests,

Bipropellant fests with flow modulation were run at chamber pressures
of 300 and 600 psi and flow modulafing frequencies of %0 to 200 cycles per second.
Further heat~transfer failures of the Li-Liu pressure plckups at the higher
chamber pressure levels necessitated further investigation and improvement of
the coollng system of the pickups, but their performance continued tTo be
generally satisfactory.

The liquid hot-wire flow phasemeter was checked for thermal response
and found to be satisfactory within the accuracy of the test data, Prellminary
liquid phase-lag calculations for the bipropellant injector demonstrated the
need for a defailed calculation and experimental check of this quantity,

A new sec#foned blpropel lant chember was designed for maximum
flexlbility in establishing the e»perimental limits of stability criferia, and
also for determinatlon of chamber parameter effects on instability,

The first detalled series of bipropellant flow-modulated runs was
made at 300 psi, but the results were found to contain excéssive scatter,

Part of this was !raced to zero drift of the pressure pickups, but even when

gage photographs vere used for the steady-state compone t, it was found that
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llquid oxygen compressibility was excessive. Sensitivity checks of the
pressure pickups demonstraled saTisfactory performance,

Additional pickup cooling capacity was sufficient fo provide
satlsfactory operation under screaming conditions at 600 psi chamber pressure,
The use of a cooled adapter around the pickup mounting threads had no apparent
effect on either heat transter or zero drift., The phase measuring system to
be used on the rocket date was designed, and a prototype circuit constructed,

The hot-wire was found to be a satisfactory instrument for the
measurement of transient flow rates in liquid lines, but results of detailed
water calibrations showed it to be very sensitive to cavitation, bubbles, etfc,

Design and construction of the sectioned motor designated for [imits
of stability Tesfiﬁg were completed, and instaliation on the old monopropellant
test stand (henceforth called Bipropel lant Stand No. 2) was made, Construction
of instrumentation required for a-ial pressure measyrements and run history
records on this chamber was completed. A method for measurlng heat transfer
from the chamber by means of the thermocouples was established.

The 300 psi series of flow-modulated bipropellant runs was repeated
using a full flow precool period to eliminate oxygen vapor, Measurements of
the chamber transfer function were suitable for determination of the time lag
and associated parameters, although the existence of mixture ratio varialion
inroduced some degree of error into the computed results, Runs at 450 psi
chamber pressure were also made,

A new method of chtaining Tra;sienT flow rates by measuring the
instantanecus momentum efflux from the bipropellani injector was devised, ai b
construction of experimental equipment completed.

The limits ot stabiliiy Test motor was operated successfully on

Sipropellant 3fand tio. 2, proving the suivebility of its design. Several

P, S e e e ¢ e e
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runs were also made witTh high-sensitivity, steady-state pressure pickups fo
determine the arlal combustion distribution in the chamber, but these first
results were not successful.

The method for measuring heat fransfer with wall Thermocouples was
calibrated, but only very smal! signals were obtained. It was found that the
method of thermocouple seating used was not satistactory,

The Li-Liu pressure pickup was mod!fied according to Princeton’s
suggestions, and initlal tests of the modified version indicated no thermal
drift under screaming conditions at 600 psi.

Apparatus for measurement of erhaust nozzle impedance To high
frequency osclillatlons was designed, and construction was begun, Numericai
calcutations and initial experimental studies fo check out the facliity were
comp[efed. It was found necessary to increase motor power and revise the
hot~wire anemometer system,

A refined series of flow-modulated test data was run at 30. psi
with modulafing frequencies from 50 to 210 cycles per second, It was found
that the phase and amplitude of mixfure ratio oscillations were interdependent,
Lut the variation In mixture ratio was vastly improved over earlier tests.

I+ was believed that a second-order correction would be required to achieve
constant mixture ratio, It was also found That an extension of range of the
flow modulating unit to 250 cps was required to obtain the necessary asymptotes,
and this modification was made,

Strain beam equipment for measuring instantaneous {low rate by ftie
aomentum method was installed on Rocket “esr Stand No. i, and calibrations
showed i+ to be adequate for the required reasurements,

The Third Conference on Rocket Cowbus*ion Instability *“ook piace

'

at Princeron on Qctober 18 and 14, 1955, The Pri-ceton group had papers
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presented by Crocco, Grey, Matthews ond Scala,

The refined low-frequency chamber analysis, which eliminates a

number of the |imiting assumptions present in the original analysis used on

all erperimental data to date, was completed.
Longitudinal stability limlts were measured and checked on
Bipropellant Test Stand No. 2 using four exhaust nozzles: a short |inear

nozzle, a short conical nozzle, a long linear nozzle, and & long conical

nozzle, Theoretical limits of stabilify were computed for the two linear

nozzles and found to compare very favorable with the experimentally-determined

values, Tthus substantiating the major portions of the time-lag theories in

at least o preliminary way. It was also found that the long nozzles both |
depressed the screaming frequency aend markedly decreased the tendency to |
scream, in accordance with Theore?iCal'predicTions.

Theoretical analysis of the combustlon chamber in which mixture j
ratio changes are permifted to occur was carried out and the quantitative j
criteria for intermediate-frequency instabiiity established for one motor

configuration,

Flow-modulated test data at chamber pressures of 300 psi, 450 psi,

and 600 psl were completed, with the smallest possible mixture ratio variation |
obtainable using existing equipment. An average of 5 To 10 runs were
! requlired for each data point of reasonably satisfactory mixture~raltio varia-ion,

Stability limit tests were run at the three chamber pressures and

the results compared quite fevorably wlfth theory. This is considerad to be
a conclusive check of the theory for at least these test conditions,
Studles of the method of measuring heav Transfer using thermocouples

were completed, If was conciuded that the calibration appararus required both

cooling and a high-energy heat source, but applicaticn ot alternate methods




ot analysis to the e»perimental data proved quite satisfactory,

The Statham pressure pickups for use in measuring combustion
distributions on Bipropellant Test Stand No., 2 were installed with a system
of solenoid valves to completely isolate the Statham pressure pickups from
the chamber during severe shutdown transients., This new system for measuring
combustion distribution was operated with some success, but failure of all
pickups occurred durlng an AC power fallure to the test stand, An interim
system using high=pressure manometers was constructed as a replacement.
Measurements of velocity distribution were made with the manometers at the
three chamber pressure levels, Manometer operation was satisfactory, but it
was found that the chamber flow was not one-dimensional and thus the axlal
pressure distribufion method was not applicable. A window motor was designed
and constructed for direct measurement of the velocity distributlon.

The Ampex tape recorder was converted to seven channels, completing
the entire instrumentation system for time-lag measurements.

Design, construction, and shakedown of a closed-loop, servo-
~ontrotled flow modulating unit to provide automatic mixture ratio regulation
were completed. Use of This unit on rocket tests was found to be completely
satistactory.

Stahility limit tests were made To determine the effect of mean
mixture ratio on the fongitudinal mode. A device to introduce high-pressure
longitudinal shocks into the chamber was designed to determine limits of
nonlincar stebility. A number of injectors for use with differant propellant
combinations were also designed,

Theoretical anelysis of the transverse mode of high-trequency
instability wes completed and o corposifte chamber for tra sverse mode tests

was designad.




A +echnicél report covering the resuits of Time lag measurement
studles was pubiished, highlighting further improvements which could be made
for the purpose of accuracy refinement.

Tests o determine longitudinal stability limits for sudden, finite~
amplitude pressure changes were run at 300 psi, and indicated only small
departure from the spontaneously~initiated stability limits determined
previously. The use of chamber-pressure and mixture-ratio control on these
tests was considered advisable die to some inconsistencies atiributable to
uncontrolled variations in these characteristics.

Errors contributing to inaccuracies in fthe time |ag measurement
were found and eliminated, including poor AC calibration standards and poor
oxygen density control. Investigation of resonant oscillations In the feed-
line was completed with the determination that the bubble in the cavitating
venturi had been causing the ditficulty and could be eliminated by optimum
operation ot the cavitating venturi.

An automatic chamber pressure and mixture ratio control system was
designed, installed, and tested. It has been mede available for all stability
I'imit test data in order fo quarantee reproducibility of run information,

A technical report covering tne theory ot the intermediate frequency
ar d fransverse~mode instability was published. Additional computations to
turther catalog the fransverse-mode behavior from a theoretical point of view
were initiated.

Complete verification of the nozzle admittance theory used In all
the theoretical-experimental covparisons was established by a series of
indirect tests in which The dynaric behavior of a sinulated rockey charber
4as experimental by checked ajainst theororical predictions

The NARTS large-scale cupplerentary test projrar fo be conducted

in corjunction wito the fransverse-rode instelbility studies has boen

4




approved by the Bursau, and a preliminary schedule has been set up.

The relationship between the modulus and phase of the chamber
transfer function was determined on the ¢ inch rocket motor on Test Stand
No. |. The frequency of flow pulsations used ranged from 80 fo 260 cps,
laTa scatter was held to a minimum through improved experimental techniques.

ExpldraTory testing on The transverse mode hardware has covered
chamber diameters ranging from 3 to 9 inches with chamber pressures at The
150 and 500 psi levels., No transverse instability was measured under these
conditions. This injector design was modified to the spud-type which allows
reorientation of the impingement fan., With the injector spray fan oriented
in the radial direction definite regions of transverse instability have been
recorded.,

‘ Using the standard injector, the extreme length stability tests
were completed on Test Stand No, 2 for mixture ratios ranging from .& to 3.5
using alcohol and liquid oxygen. Using the Crocco Instabilifty Theory the
fong length 1imits of the tundamental mode instability contour have been
accurateiy predicted and ?ﬁﬂ and M . ave been determined.

Using the 2.0 mixture ratio injector, the accuracy of Crocco

Instability Theory has been further verified ihrough the prediction of the

long leagth stability licits of The fundaental mode,
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111, APPARATUS
A. Test Stand No. |

The window motor runs fo determine the combustion distribution from
the gas velocity In a liquid propellant rocket motor have been completed and
are presented here for the "standard" Injector using liquid oxygen and ethy!
alcohol,

These data were obtained from analysis of film loop records using
the General Radio Camera to study the combustion in a six inch cylindrical
length rocket motor incorporating a lucite window along the axis. The streak
photographs of the combustion at I" and 3" distances from the Injector face
with varying mixture ratio provided the data shown in Figure iI. The theo~
retical velocity, included for comparison, was calculated assuming completed
combustion and a uniform velocity profile, a condition approached with high
Reynold's Number flow.

From the welocity variation with mixture ratio at the I" station,
it is seen from a combarison with the theoretical curve that combustlon has
been completed before reaching that polnt, The experimental velocities are
higher than fTheoretical values because fthe velocity measurements were made
along the rocket chamber axis and a near uniform velocity profile was not
attained. These velocity profiles are shown in Figure 2, where for The 2.0
mixfure ratio case velocities were determined at the /2" and " distances
trom the axis, The profile was completed by determining the velocities
requlred to provide for the total flow present witn complete combustion,

The velocity variation with mixture ratio and radius from the
rocket axis for the low mixture ratio tests as observed ot the 3 stetion
arc ot interest, Although at nlgh mixture ratios the velocities neasuroed
wore close to the velocity valtues tound at the 1V statvion, av the low

wixture ratios velocitles along the rocket axis were found o be consigerasly

. et 4 a0
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higher. Using a velccity profile similar to that determined experimentally
it is seen in Flgure 2 that a region of low velocity would be required near
the rocket chamber wall in order to attain the correct net flow. This
"recirculatlon region" is due to several causes. The first, as illustrated
in Figure 3, is that fthe angle of the resultant liquid stream changes with
mixture ratio. During low mixture ratio operation the resultant streams
converge at the center of the rocket motor (shown in Flgure 4). Since the
stoichiometric mixture ratio is 2.05 for this alcohol-oxygen system a consid-
erable amount of fuel droplets remain after combustion has taken place and
Tﬁese droplets cause the velocity increase through momentum transfer., In

the case of the high mixture ratio operation these dropiets are no langer
present and the direction of the }njecfed liquid streams is toward the wall
both of which tend to eliminate recirculation., Wall static pressure measure-
ments have provided a confirmation to These results.

For the showerhead type injector shown in Figure 5, it was not

possible to obtain useful data with the window mofor technique. In order

to obtain the necessary velocity distribution information with this rather
slow burning injection system, the length of the stability limits rocket

mot or on Test Stand No. 2 was varied and the resuitant characteristic veloc-
ity-length relationship. determined. These raesults are presented with The
Test Stand No. 2 data.

B. Test Stend No. 2
During this report period the type of injection used on the stabil-

Ity tImits tests with ethyl alcohel and liguid oxygen was extended to include
the showerhead and |like-on-like injectors. Again, as in the case of the two
variations of like-on-uniike injectors (1 4 and 2.0 design mixture ratio types),

fhe mixture ratio was varied tetween approxinately .5 and 4.0 for cylindrical




chamber jengths varying from 3 to 36 inches. The purpose for these tests

was To determine To what extent the stability limits and time lag parameters
were altered with changes in the method of injection using-The same propel-
lant combination. In the showerhead injector (Figure 5) droplet breakup was
dependent only on the interaction of the liquid stream with the chamber com~
bustion gases, while in Tthe like-on-like pattern a spray of droplefs was
formed close to the injectfor face where the liquid streams impinge. BoTh
types of rocket injection must depend on parameters such as recirculation
velocities and droplet dispersal to bring the fuel and oxidizer droplets
together. An interesting case of how the presence of combustion instabilifty
inf luences the droplet mixing and breakup is shown in the case of the shower-
head injector in Figure 6, A sharp performance increase occurs with the
presence of oscillating pressure and velocity in The combusiion gases for

the |.5 and 1.2 wixture ratio cases. Without instabilifty the |.6 ¥ curvs
illustrates Tthe gradual performance increase expected, When steady conditions
recccur for the 1.5 F case at the 34 inch length little difference exists
between The steadv and nonsteady cases.

A portion of the fundamental mode instebility contour for the
showerhead injector is shown in Figure 7. The present hardware would not
allow longer lengths to be run in this test scries and therefore no check on
the validity of the Crocco Theory using th2 long length instability timits
could be made at this tite. Compared wirh she lie-gn-dalie injector  instabil-
iTy contours, the shorter length limits are seen to occur at much greater
cylindrical Jengths (22" versus &), Using the cherber Mach nurber (T) ac
dotarmined trom characteristic velocity neasureronis at 4 inch cnarber incro-
rments along The sotor fength as shown in Figure ¥ 1t was possible to calcu-
late a prelininery ser of vine lag parcrerer vel s, ’Zf and P are

pl  iad in Figure U, Corpoerison curves for inc lice-on=aniice injoctor

e
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(2.0 mixture ratio) are shown in Figure Jl. No large changes in either The
shape or magnitude of the interaction index curve have occurred using the
showerhead injector, However, The sensitive time lag has increased by a
factor of approximately five. This change indicates the effect of the stower
droplet breakup on the sensitive time lag.

In the case of the like-on-like injector (Figure 8) the first
appearance of combustion instability occurs at a cylindrical {ength of
34 inches which is considerably greater than that found using the showerhead.
Performance and hence chamber Mach number (Figure 9) are greater than the
showerhead values al most charber fengfhs due to earlier droplet breakup
(except where instability was present in the showerhead case).

Because the combustion is distributed along the chamber lengih the

tér]

assumpTion in the theory that energy is released in a concenirated region i
no longer valid., Therefore, it is not possible fo calculate the time lag
parameters, 7?M and M. , at this time. Long length instability limits for
this injector type would also be useful and will be delermined. The effects
of this type combustion distribution will L2 given further theoretical treat-
ment .
C. Test Stand No, 3

Testing to date on the transverse node rocket hardware has included
100 pound thrust level runs with two gencral motor configurations. One
ptilized the 6 inch digueter chawber, o inch injection diaueter, .4 mixiure
ratio spuds with the fens oriented radially and using various nozzles to

o

provide chamber prossures of 150, 500 and 900 pei.  The other used a 9 inch
charber diameter, © inch injection diatcter, 2.2 rixtrire ratic spads with
the fans oriented radially and noczles 1o provide chember prossures of 120
and 900 psi A curiary of the preszsure cocilletions produced in those fests

is preszented in Teble |
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The wave shapes@f the pressure oscillations produced were sinusoi-
dal and of low amplitude in the majority of tests. The frequencies usually
cor}esponded to a first ?angeﬁ?iat~;mde with a feW‘insfances of second tangen-
Tial in the 9 inch chamber. The higher frequencies experienced with the
6 inch chamber, which occured at the higher mixfture ratios and at the higher
pressures, corresponded to the first radial mode,

It was also observed that at several of the fow mixture ratio runs
using the 6 inch chamber pressure osciliation amplitudes higher than the
typical value of’lO'psi rms or less were preéen*. The wave shapes in these
cases were also sinuscidal,

The next series of fests scheduled on The fransverse mode test
stand will provide thrusts at the 500 pound level. During such a test
series it Is planned to return fo the "etandard" fan orientation for fhe

spuds (tangential fan direction) for stability comparison purposes.

[SRSU————
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20.
TABLE I
Amplitudes of Transverse Oscillations at 100 Ib. Thrust Level
Test Conditions Oscillation Amplitudes (psi rms)

Charber Mixture First Second First
Pressure Ratio Tangential Tangential Radial
(psia) (0/F) Mode Mode Mode

(a) Chamber diameter 9", InJection diameter 8", Design Mixture rafio 2.2

150 0.98 2 - -

1" "42 an -

" .81 - - -

" 2,30 - - -

500 0.95 - 4 -

" .54 - 2 -

" .65 - -

" 2.37 12 - -

(b) Chamber ®iameter 6", Injection diameter 5%, Design Mixture ratio 1.4

150 1.02 5 | - -
" .44 4 - -
" 1,92 0 - -
" 2.19 3 - -
R 2,352 2.5 -

500 1.04 50 - -
" 1.22 25 - -
" }.40 0 - -
" |42 3 - -
" .45 7 - -
" .57 0 - -
" 1,74 - - 5
B .86 - - 3
" .92 - - 3
" 2,12 - - )
a 2.20 - - 2
»00 1,05 30 - -
" I 30 - -
L 1,25 - - 3
" |31 - - 3
" |, 684 - - 7
" - - 'Iy

2.57
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Figure 6
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Figure 9
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